Density-functional theory calculations have been used to investigate adsorption and surface dynamics of Pt atoms on MgO(001) surfaces with surface-functional hydroxyl groups. Our calculation results show that the adsorption of Pt on hydroxylated MgO (001) is considerably enhanced by interactions among Pt, OH, and MgO surface atoms. We also find that the formation of PtOH complexes instead of Pt dimers is clearly favorable. This behavior is very similar to that of Au deposition on hydroxylated MgO(001). With regard to the surface kinetics, however, the behavior is quite different. Indeed, after the formation of PtOH on MgO(001), the surface diffusion of PtOH is found to be enhanced, as compared to that of Pt on MgO(001). This behavior is in sharp contrast with the low surface mobility previously observed for AuOH on MgO(001). Finally, the reason for this difference is discussed, based on the calculated electronic structures and charge states of Pt on hydroxylated MgO(001).
Introduction
Nanosized metal clusters on oxides have attracted considerable interest because of their importance as catalysts in many industrially important chemical reactions. [1] [2] [3] The catalytic activity of oxide-supported metal clusters was shown to largely depend on several factors, such as the cluster size, the supporting oxides, and the oxidation state of metals. [4] [5] [6] [7] [8] [9] [10] [11] [12] In addition to these factors, the moisture level in the reaction environment was also reported to significantly affect the catalytic activity and selectivity of metal clusters, as often observed in actual working catalysts. 13, 14) Many studies have been carried out to understand the effect of water on oxide-supported metal clusters. [15] [16] [17] [18] [19] In a realistic reaction, oxide surfaces will be covered by a certain amount of strongly-bound hydroxyl groups at moderate temperatures. Recently, Brown et al. 17, 18) reported the nucleation and the sintering behavior of gold on hydroxylated MgO(001) surfaces [MgO hdr (001)] and compared it with that of gold on clean MgO(001) surfaces devoid of any functional surface groups. The surface hydroxyl groups were found to stabilize highly-dispersed small gold clusters against sintering in a wide temperature range relevant for CO oxidation on oxide-supported gold clusters. It was explained by a stronger interaction of gold with the hydroxyl group on MgO(001) surfaces due to strong Au-O interfacial bonds. Jeon et al. 19) showed, based on their density functional theory (DFT) 20, 21) calculations for Au on MgO hdr (001) , that the adsorption of Au on MgO hdr (001) is stronger than that of Au on MgO(001) and that the binding of Au on MgO hdr (001) is substantially enhanced by an ioniclike interaction as compared to the case of Au on MgO(001), thereby activating the formation of AuOH complexes on the oxide surface.
However, it is noteworthy that this sintering behavior of Au on MgO hdr (001) is counter-intuitive and in contrast with the so-called hydrothermal aging mechanisms of metal catalysts: Sintering occurs faster at increased temperatures and the presence of water accelerates the sintering process significantly. [22] [23] [24] [25] Typically, sintering of supported metal nanoclusters is associated with mass-transport mechanisms of crystallite or atomic migration. The crystallite migration mechanism refers to sintering mediated by the migration of the nanoclusters and the subsequent coalescence with neighboring nanoclusters. The atomic migration mechanism refers to the Ostwald ripening process in which sintering occurs by diffusion of atoms or atomic species between immobile nanoclusters. Experimentally, for a Pt/SiO 2 model catalyst, in situ transmission electron microscopy (TEM) measurements 23) could provide kinetic information on the temporal evolution of metal cluster size distribution and the growth or decay of individual nanoclusters. The observed TEM images of the Pt nanoclusters revealed that the sintering was governed by the Ostwald ripening mechanism including local correlations between neighboring metal nanoclusters in the atom-exchange process. Despite increasing efforts in the investigation of the effect of water, the details of the nucleation and the sintering behavior of metal clusters on hydroxylated oxide surfaces remain unknown.
At present, it is very difficult to determine the atomic processes relevant to the nucleation and the sintering of metal clusters on hydroxylated oxide surfaces by experiment only. A complementary way to investigate the surface dynamics of metal atoms on oxides with surface-functional hydroxyl groups can be provided by first-principles DFT calculations in which the quantum-mechanical properties of interatomic interactions are considered. [26] [27] [28] The energetics of the proposed adsorption structures play a crucial role in theoretically determining the most favorable atomic processes and the associated electronic structures of these processes. In this work, using first-principles DFT calculations and the climbing-image nudged elastic band (CI-NEB) method, 29) we systematically study the atomic processes of Pt atoms and the associated electronic structures for Pt atoms on MgO hdr (001) surfaces. Such a surface kinetics study can provide atomistic information on the effects of surfacefunctional hydroxyl groups on the atom-exchange process. Very interestingly, our calculation results show that the surface kinetics of Pt atoms are considerably different from those of Au atoms on MgO hdr (001) surfaces.
The paper is organized as follows. In Sect. 2, the computational method that was used in this study is described briefly. The results and discussion are presented in Sect. 3. Finally, in Sect. 4, we present our conclusions.
Computational Method
All calculations were performed using spin-dependent DFT as implemented in the Vienna Ab-initio Simulation Package (VASP) code. 30, 31) We employed the generalized gradient approximation (GGA) of Perdew, Burke, and Ernzerhof (PBE) 32) for the exchange-correlation functional. For electron-ion interactions, the projector augmented-wave (PAW) method 33) was employed. The electronic wave functions were expanded in a basis set of plane waves with a kinetic energy cutoff of 380 eV. This GGA treatment yielded a theoretical lattice constant of 4.238 # A for MgO in bulk, which agrees well with experimental data. 34) In order to study the effect of hydroxyl groups on the adsorption of Pt on MgO hdr (001), we used a periodic slab model consisting of four MgO layers with a vacuum region of 12.7 # A. The surface periodicity in the lateral directions was set to 4 Â 4 (11:987 Â 11:987 # A 2 ). For the in-plane lattice constant of the MgO slab, the theoretical GGA lattice constant of the bulk MgO was used. The k-space integration was performed using a 2 Â 2 Â 1 mesh in the Brillouin zone (BZ). A Gaussian smearing of 0.1 eV was used to improve the convergence. All atoms in the slab were allowed to fully relax while keeping the bottom two MgO layers fixed at the bulk positions. Geometry optimization was performed until the remaining forces became smaller than 0.03 eV/ # A. Some calculations of convergence tests were also carried out with a more extensive set of parameters, namely, a kinetic energy cutoff of 400 eV and a 3 Â 3 Â 1 mesh in the BZ. These tests suggest that the results for the calculated adsorption energies and diffusion energy barriers are accurate up to 0.02 eV, when employing the above computational parameters. Thus, the computational accuracy is sufficient for the purposes of our study.
Results and Discussion
For the adsorption of Pt on clean MgO(001) and Pt on MgO hdr (001) with surface OH groups, various configurations are considered herein. Here all adsorption systems [Pt/MgO(001) and Pt/MgO hdr (001)] are assumed to be in the charge-neutral state. To obtain the adsorption properties of Pt atoms, we carried out calculations of adsorption energies at various atomic configurations. The adsorption energy (E ads ) was calculated as a difference of total energies. Here, E ads is defined as E ads ¼ E X=S À E X À E S , where X and S denote adsorbates and substrates, respectively, and E conf (conf ¼ X=S, X, S) stands for the total energy of each configuration. For Pt on MgO(001), E ads ¼ E Pt=MgO À E MgO À E Pt , and for Pt on MgO hdr (001), E ads ¼ E Pt=MgO hdr À E MgO hdr À E Pt , where E Pt is the total energy of a free Pt atom. It is noted that under this convention, a more negative value of the adsorption energy represents stronger adsorption on oxide surfaces.
For Pt on MgO(001) surfaces, there are three different adsorption sites: on top of a surface O anion, on top of a surface Mg cation, and in a surface hollow site. For the adsorption of single transition metal atoms on MgO(001), the surface O site on MgO(001) has been identified by previous works as the most favorable adsorption site. 11, [35] [36] [37] [38] Our results show a clear preference for this surface O adsorption site for Pt on MgO(001). The calculated energy is summarized in Table I . The adsorption energy was À2:42 eV, much lower than the values of À0:46 to À0:99 eV for the metal atoms of Cu, Ag, and Au on MgO(001). 37) Figure 1(a) shows the optimized atomic geometry and the structural parameters for the most stable configuration.
When Pt adsorbs on MgO(001), it can diffuse on the MgO surface. The most favorable diffusion path was determined using the CI-NEB method. 29) The path with the lowest diffusion barrier is the hopping process along channels passing through surface hollow sites [ Fig. 2(a) ]. The energy barrier is 1.03 eV, 39) much higher than the barriers of Au (0.23 eV) and OH (0.24 eV) on MgO(001). 19) These results suggest a high probability of mutual contact via the diffusion of surface OH groups in the presence of surface OH groups on MgO(001). This behavior of the surface diffusion of Pt atoms and OH groups on MgO(001) is in contrast to that of the surface diffusion of Au atoms and OH groups in which both Au and OH tend to diffuse very fast on MgO(001). 19) Next, we investigate the interaction between Pt and OH on MgO(001). Our calculations show that when Pt and OH are in close contact, OH moves over Pt, hopping over a surface Mg site in the process (Fig. 3) . The energy barrier for this process is 0.07 eV. As the most stable structure of Pt on MgO hdr (001), Pt and OH form a PtOH complex on top of a surface oxygen site [ Fig. 1(b) ]. The adsorption energy of Pt is À5:08 eV, which is considerably lower than those of Pt (À2:42 eV) (Table I ) and OH (À1:38 eV) on MgO(001). 19) The results show that the binding of Pt on MgO hdr (001) is considerably enhanced as compared to the case of Pt on MgO(001).
To investigate the tendency of PtOH to dissociate back into Pt and OH on the surface, we calculate the binding energy E b required to form PtOH from separate OH and Pt adsorbates on the MgO surface using the following equation: Fig. 1(b) ].
It is interesting to note herein that the binding energy (2.66 eV) between Pt and OH on MgO is much larger than the Pt-Pt binding energy of 1.01 eV for a Pt dimer on MgO(001). In addition, the surface diffusion barrier (1.03 eV) for Pt on MgO(001) is much higher than that (0.24 eV) for OH on MgO(001). 19) Thus, forming PtOH complexes instead of Pt dimers is clearly preferred for Pt atoms on MgO hdr (001) in the presence of a humid atmosphere.
To estimate the formation of Pt(OH) 2 (Fig. 4) , we also calculate the association energy gain E as required to form Pt(OH) 2 from separate PtOH and OH adsorbates on the MgO surface using the following equation: E as ¼ À½E PtðOHÞ 2 =MgO þ E MgO À E PtOH=MgO À E OH=MgO . The association energy gain is 1.76 eV, which is much smaller than the binding energy of 2.66 eV for PtOH on MgO(001). Thus, under OH-poor and Pt-rich conditions in realistic reaction environments, surface hydroxyl groups are expected to more strongly interact with Pt rather than PtOH. This suggests that the formation of PtOH complexes will dominate on MgO(001), under OH-poor and Pt-rich environments.
To illustrate the surface kinetics of PtOH on MgO(001), we also investigate the surface diffusion of this PtOH complex on MgO(001). PtOH can diffuse along channels passing through surface hollow sites by the hopping process [ Fig. 2(b) ]. The energy barrier for the hopping process of PtOH on MgO(001) is 0.89 eV, which is lower than that (1.03 eV) of individual Pt on MgO(001).
It is also interesting to compare our results with previous studies of Au on MgO hdr (001). The adsorption energy of À3:38 eV for Au on MgO hdr , which is much lower than those of Au (À0:85 eV) and OH (À1:38 eV) on MgO(001), was obtained previously. 19) Forming AuOH complexes is clearly preferred for Au atoms on MgO hdr (001). This behavior is very similar to that for Pt atoms on MgO hdr (001). When surface kinetics are considered, however, it is quite different. For AuOH, the surface diffusion barrier of 0.95 eV, which is much larger than that for Au (0.23 eV) on MgO(001), was calculated. 19) This increase is as large as 0.72 eV. This implies that after the formation of AuOH for Au deposition on MgO hdr (001), the surface diffusion of AuOH becomes very slow as compared to that of Au on MgO(001). This is consistent with recent experimental observation of the enhanced stability of small Au clusters against thermal sintering on MgO hdr surfaces. 17, 18 ) Surprisingly, this behavior is in contrast with the hydrothermal aging mechanisms of metal clusters that sintering is considerably accelerated by the presence of water. For PtOH, a surface diffusion barrier Respective atoms are labeled according to the color code in Fig. 1. of 0.89 eV, which is lower than 1.03 eV by 0.14 eV for Pt on MgO(001), is seen. The surface diffusion coefficient is expressed in the Arrhenius form, D ¼ D 0 expðÀE d =k B T Þ, where D 0 is a prefactor, k B the Boltzmann constant, T the absolute temperature, and E d the surface diffusion barrier. As shown in this paper, the diffusion barrier can be reliably obtained from static DFT calculations combined with the CI-NEB method. 29) However, in order to determine the diffusion coefficient, the prefactor is also needed, and DFT simulations are too demanding in terms of computer time in order to calculate the prefactor. It is herein assumed that the prefactor for diffusion is constant. Using the present Arrhenius parameters, we estimate that at 300 K (400 K), the diffusion for PtOH is $230 (60) times faster than that for Pt. This indicates that after the formation of PtOH for Pt atoms on MgO hdr (001), the surface diffusion of PtOH is enhanced, as compared to that of Pt on MgO(001). In addition, it is also noted that sintering occurs on a longer time scale compared to chemical reactions. An energy difference of 0.14 eV in the diffusion barrier may significantly affect the sintering behavior of Pt atoms on MgO hdr (001). This behavior is consistent with the hydrothermal aging mechanisms of metal clusters.
To gain a microscopic understanding of the changes in the adsorption of Pt on MgO(001) caused by the interaction of Pt with OH, we investigate the electronic structures of Pt on MgO(001) and MgO hdr (001). Figure 5 shows the projected spin-polarized electronic densities of states (PDOSs) for Pt and PtOH on MgO(001), along with the shapes of the electronic states near the Fermi energy, which is determined as the highest occupied energy level. For Pt on MgO(001), the Pt-derived states are formed in the gap of MgO, and the 6s-derived spin-unpolarized state peaks for Pt are empty [ Fig. 5(a) Next, we investigate Pt bonds by calculating the electron density difference, Á: Á ¼ OH=Pt=MgO À MgO À n OH OH À n Pt Pt . Here, OH=Pt=MgO is the electron density of OH/Pt/MgO(001), MgO is the electron density of the frozen MgO substrate without the adsorbate, OH and Pt are the electron densities of the frozen hydroxyl group and Pt, respectively, and n OH and n Pt are the numbers of OH groups and Pt atoms, respectively. The results for Á are shown in Fig. 6 . The result for the most stable adsorption of PtOH on MgO(001), Fig. 6(b) , shows a substantial rearrangement of
Energy (eV) 2 4 Projected densities of states (states/eV) electrons around PtOH. As was the case for Pt atoms on MgO(001), we see image charge effects due to the polarization of Pt induced by the strong ionicity of MgO surface atoms. Indeed, electrons are accumulated above the interfacial Mg cations and electrons are depleted above the interfacial O anion. As a result, the electron gain around Pt has a fourfold symmetry. This is consistent with the structural feature at the optimized geometry that the surface Mg and O atoms move up by 0.05 and 0.02 # A, respectively, as compared to the clean MgO(001) surface.
Further information on the charge redistribution for PtOH on MgO(001) can be obtained by integrating Á over the plane parallel to the MgO(001) surface. Figure 6 shows the line profile of the planar-averaged electron density difference Á "
ðzÞ along the surface-normal z-axis for the most stable adsorption structures of Pt and PtOH on MgO(001). For PtOH on MgO(001), the variation in Á "
ðzÞ is found to be slightly weaker than that of Pt on MgO(001). This behavior is different from that for AuOH on MgO(001) showing stronger variation in Á " ðzÞ (in the order AuOH > Au). 19) This provides an explanation for the difference in the surface dynamics of Pt and Au on MgO(001) with surfacefunctional hydroxyl groups.
In order to obtain quantitative information about the effect of hydroxyl groups on the charge state of Pt, we calculated Bader charges. [42] [43] [44] The results are summarized in Table II . For Pt on MgO(001), electrons are transferred from the MgO substrate to Pt. The Pt atom becomes negatively charged. For PtOH on MgO(001), electron transfer from MgO to OH via Pt occurs. Thereby, the charge state of the Pt atom becomes almost charge-neutral, which is in contrast to the positive charge state of Au for AuOH on MgO(001).
Conclusions
Using first-principles density functional theory calculations, we investigated the adsorption and surface diffusion of Pt atoms on hydroxylated MgO(001) surfaces [MgO hdr (001)]. The results show that the adsorption of Pt on MgO hdr (001) surfaces is considerably enhanced by interactions among Pt, OH, and MgO surface atoms as compared to the case of Pt on MgO(001). Further inspection of the binding energy between Pt and OH on MgO(001) also shows that forming PtOH complexes instead of Pt dimers is clearly preferred for Pt atoms on MgO hdr (001). This adsorption behavior is very similar to that for Au atoms on MgO hdr (001). Regarding surface kinetics, however, it is different. Indeed, for PtOH on MgO(001), a surface diffusion barrier of 0.89 eV, which is lower than 1.03 eV for Pt on MgO(001), is found, whereas, for AuOH on MgO(001), a surface diffusion barrier of 0.95 eV, which is higher than 0.23 eV for Au on MgO(001), was reported. 19) This indicates that after the formation of PtOH on MgO(001), the surface diffusion of PtOH is enhanced as compared to Pt on MgO(001). This is in good agreement with the hydrothermal aging mechanism of metal catalysts. This approach provides significant insight into sintering, which results in a loss of surface active sites of metal nanoclusters. The results presented here are expected to motivate further experimental investigation of the nucleation and the sintering behavior of Pt atoms on hydroxylated oxide surfaces. 
